ABSTRACT In an effort to create a benchmark for antenna designs for mobile applications, the total and radiation efficiencies of a modern high-end smartphone's antennas are measured. To this end, an adapter board is designed that facilitates the connection to a calibrated measurement system. Its shape is chosen to closely resemble the original phone's dimensions while allowing connection of the antennas via spring fingers to a coaxial measurement system. The characterization of this mock-up is performed in a reverberation chamber, which offers the advantage of an on-average isotropic environment, making it ideal for antenna reflection coefficient and efficiency measurements. The reflection coefficients, total efficiencies, and radiation efficiencies of the mock-up are then measured from 0.75 to 6 GHz. The total antenna efficiencies, not accounting for a possible improvement due to adaptive matching networks, are found to be below 15% up to 4 GHz and up to 25% below 6 GHz. Meanwhile, the radiation efficiencies are up to 15% below 2.5 GHz and up to 40% below 6 GHz. Such antenna efficiency measurements are the first and serve well as a benchmark for future designs and concepts.
I. INTRODUCTION
Modern smartphones, especially the high-end models, have shown a clear trend towards thinner designs and higher integration. At the same time, 5G will make use of even more available frequency space in the 1 to 6 GHz range than 4G [1] - [5] . One may wonder in what position this leaves an antenna designer, confronted with the challenge of creating a robust and cheaply manufacturable design within very limited available real estate. On the one hand, the radiation pattern is not of critical concern (though the specific absorption rate (SAR) is) due to the scattering environment the phone is designed for, and the input impedance can be improved using adaptive matching circuits. On the other hand the antenna efficiencies have a direct impact on the link budget and thereby battery life and maximum bit rate.
Since it is such a critical parameter, the antenna efficiency performance of state-of-the-art models could very well serve as a benchmark for new concepts and designs. However, very few characterizations of commercial designs, especially recent high-end models, can be found in literature [6] - [10] .
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The influence of head and hand on the radiation efficiencies are studied in [6] , [7] , [9] , but these were not smartphones and included relatively large antennas. A study on the effect of phone-chassis related parameters on, among others, the antenna efficiency was performed in [8] , but this did not include a commercial design where cost and form-factor are the primary drivers for the antenna topology and geometry. In 2012, a very thorough analysis of a phone's antenna performance was performed [10] , presenting challenges on the antenna performance for then-current designs. However, the antenna efficiencies were not studied separately, and the form factor as well as functionality of smartphones have evolved significantly since then. Most other existing work focuses on the electronics or the complete phone, where the antenna's contribution to the overall performance cannot be distinguished from the electronics [11] - [14] . This may in part be attributed to the difficulty of accurately measuring antenna efficiencies, and practical issues that prevent the antennas from being directly connected to the measurement system. Therefore, the antenna community has focused on creating and characterizing new designs, designing for and measuring the antenna efficiencies as well [15] - [19] . While it has been shown that these antennas, often frequency-reconfigurable, can perform well, it is as yet unclear how they compare to the current state-of-the-art in commercially available smartphones.
Recently, three reverberation chamber (RC) methods were proposed that make the procedure of measuring antenna efficiency possible without the need for a reference antenna [20] . In this work, we apply the three-antenna method (which makes the smallest amount of assumptions on the RC) to measure the efficiencies of the antennas in a very popular highend smartphone with a screen folding around the edges, first introduced in 2017. Its most crucial properties are the large screen, posing increasing challenges to the antenna systems, and its support of LTE Cat-16, one of the highest grades in the 3GPP LTE standard [21] . Such a phone is selected for its stringent requirements on a system level, resulting in extremely challenging form-factor and placement limitations for the antennas. The practical impact of such requirements has yet to be shown in literature. To solve the problem of connecting the antenna to the measurement system, we have designed a special adapter board to adapt the spring-finger connection of the original phone to an SMA connector interface. We then measure this mock-up's antennas in a reverberation chamber. The results of these measurements are extremely valuable to serve as a reference (or benchmark) of an industry design that we deem to be representative due to its large popularity, to compare new antenna designs and concepts.
We start by detailing the way the phone is constructed, where the antennas can be found and what their most likely purpose is. We then describe the design of the adapter board to connect the antennas to the measurement systems. This is followed by descriptions of the measurement setup in Section IV, where we provide and discuss the measurement results as well. The work is concluded in Section V. 
II. ANTENNAS AND RF FRONT-END
Before proceeding to the design of the adapter board to allow for antenna testing, we first take a look at the way the antennas are integrated in the smartphone. A common configuration is to connect an impedance tuner between the antenna and the RF front-end [22] , as illustrated in Figure 1 . Sometimes this tuner takes the form of a switch between different filters and/or matching networks. The inclusion of such a network has several advantages to the overall design: one can compensate for impedance mismatches introduced by the user, and impedances different from the 50 that is commonly required for maximum power transfer [23] can be accepted at the antenna port. In other words, the antenna is no longer required to present 50 . The impedance range that can be matched varies per (often proprietary or custom designed) adaptive impedance tuner, info about which proved unfeasible for us to obtain. The tuners are frequently integrated with other front-end functionalities. Observing the two commonly defined antenna efficiencies, the total efficiency (η tot = P radiated /P available , the ratio of the available and radiated powers) and the radiation efficiency (η rad = P radiated /P accepted , the ratio of the accepted and radiated powers), the matching circuit only influences the total efficiency. The radiation efficiency can be viewed as an upper limit for the total efficiency, representing the hypothetical case where the antenna is perfectly matched. Thus, even if the impedance tuners are not included in a measurement, the radiation efficiency is still representative for the antenna performance in the final application. In modern smartphones, conventional (coaxial) connectors are no longer used for most antenna connections. Instead, the antenna elements connect to the (main) board via spring fingers. This smartphone ( Figure 2 ) is one that uses such an approach: the antenna layer (Figure 2(a) ) is screwed on top of the phone with main and sub board (Figure 2(b) ), pressing the antennas to spring fingers on the PCB's. The only layer that follows on top of that is the phone's back cover. Five distinctly connected antennas can be found on the antenna layer. It is challenging to derive any definitive conclusion about their functionality, especially with a phone that supports many standards and bands such as the one tested here: it supports bands in the 700-900 MHz range (low LTE bands), 1800-2100 MHz range (mid LTE bands), 2.3-2.6 GHz range (high LTE bands) and 3.5 GHz bands, as well as 2.4 GHz and 5 GHz WiFi, Bluetooth and GPS. The GPS and Bluetooth/WiFi appear to be used exclusively for those purposes. The 'main' antenna seems to be used for the mid and high LTE bands, as well as legacy (2G) mobile communications. The sub antenna appears to be used for the low LTE bands, as well as diversity for the mid and high LTE bands. Antennas 3 and 4 are connected through lines and components on the circuit board, most likely intended to combine them towards a single feed. As the topology behind this is unknown to us, we will test them with individual feeds. In the rest of this paper, we will use the above antenna numbering, as opposed to using their (most likely) functionality. Therefore the validity of the results does not depend on them.
We will now investigate how we can connect the antennas to a measurement system.
III. ADAPTER BOARD
Due to the size of the electronics and traces on the board, accessing the transmission lines coming from the antennas with a measurement system is very challenging. Therefore we decide to keep only the antennas and back cover, and replace the rest of the phone by a PCB that provides a transition from the antennas to a measurement system. We will refer to this PCB as the adapter board. To closely resemble a massproduction situation, FR-4 PCB material is chosen as substrate. The overall dimensions of the adapter board are chosen to match those of the phone (approximately 150 x 68 mm), as it is known that the phone's chassis can contribute significantly to the overall radiation [24] - [26] , with a thickness of 1.6 mm. The adapter board, with the antennas and back cover installed, is shown in Figure 3 (a) and 3(b) from the front and back, respectively. This will be referred to as the mock-up. Modifications to the original phone's parts are kept to a minimum, only creating additional holes (to allow for plastic bolts required to mount the parts) well away from the antennas. The copper area on the bottom right of the rear side is necessitated by a protrusion of the plastic antenna layer, requiring a cutout in the PCB. The copper is there to ensure that currents can run uninterrupted to the corner of the original phone. Each of the SMA connectors transitions to a coplanar waveguide with ground (GCPW) running on the back side with vias to prevent odd modes and radiation, as well as providing an uninterrupted path for currents As during all measurements, the original cover is placed over the adapter board with antennas. If one were to take off the cover of (a), one would see the antennas exposed as in Figure 2 (a).
on each side of the ground plane. The GCPW, with a gap width of 0.75 mm and a center conductor width of 2.4 mm, is created on the back side of the board so that it is not influenced by the dielectric parts of the phone. As close as possible to the antenna element, the GCPW is fed through the board using a via, connecting to a spring finger of a similar type as used in the original phone. Detailed views of the original connection and our replacement are shown in Figures 4 and 5 , respectively. In order to ensure that the transmission lines, and especially the transitions from coax to GCPW on the adapter board, does not significantly impact the measurement results, we verified this part of the system separately. Instead of using simulations and thereby making assumptions on the material properties of the board (which are not accurately known for FR-4), we design a board using the exact same GCPW line and transition to SMA, but with an identical connection on the other side, as shown in Figure 7 . The total length of the board is 4 cm, so assuming symmetry half the insertion loss of this Figure 4 , where we can see an SMA connector, transitioning to the spring finger using a GCPW on the rear side of the board.
FIGURE 6.
Photograph of the GCPW thru-connection board. The dimensions and materials are the same as used on the designed phone board.
FIGURE 7.
Measurement of the GCPW thru-connection board. The connector-to-connector insertion loss dips just below 1.2 dB at 5.5 GHz, translating to an insertion loss just below 0.6 dB from one connector interface to the center of the board.
board corresponds to one SMA connector with a transition and line of 2 cm. The results for this half of the test board show a maximum insertion loss of approximately 0.7 dB at 6 GHz. It seems reasonable to assume that the lines and transitions on the original phone boards, with their extremely tight space restrictions, exhibit at least similar losses. Note that the insertion losses measured on our test board correspond to an efficiency in power transfer above 93%. Therefore this could introduce a relative error of at most 7% in the final result, e.g. a 1.4% deviation for an antenna efficiency of 20%. Combined with the argument of transmission lines being present on the original boards feeding the antennas as well, we decided to neglect the effects of these transmission lines for the rest of the study.
IV. MEASUREMENTS A. MEASUREMENT SETUP
The antenna efficiencies are measured using the threeantenna method introduced in [20] . This method uses a reverberation chamber, which can be described as a large metal cavity with a metal stirrer in it to perturb the fields. By changing the stirrer's position, followed by averaging in post-processing, an on average uniform field distribution can be obtained. Traditionally, reverberation chambers have been used mainly for electromagnetic compatibility applications, while anechoic chambers were applied for antenna and communication measurements. More recently however, antenna efficiency measurements in reverberation chambers [20] , [27] - [35] have emerged. One of the advantages when compared to anechoic chambers is that there is no need for device alignment or three-dimensional scans, as the angular dependence is averaged out. This offers an ideal environment for the testing of isotropic parameters, such as antenna efficiencies. In addition, the three-antenna method does not require a reference antenna, but instead uses the reverberation chamber's time constant to model the empty chamber's losses, enabling one to calculate the antenna efficiencies. It makes use of three antennas (A, B and C), measured in pairs at a time in the reverberation chamber. As an example the total efficiency of antenna A can be calculated using
where
where i and j are antenna A, B or C, τ RC is the chamber's time-constant derived from its' power-delay profile, the s subscript on the S-parameters indicate the S-parameters corrected for un-stirred energy, and · indicates averaging over the defined frequency band and paddle positions. The threeantenna method is the most robust of the different antenna efficiency measurement methods proposed in [20] , since it makes the smallest amount of assumptions and uses only the transmission S-parameters. For details on the procedure and the calculation, we refer the reader to [20] as an extended description is outside the scope of this paper. The reverberation chamber's dimensions are 4.05 × 5.70 × 3.15 m 3 , and it uses a moving-wall type of stirrer [36] , VOLUME 7, 2019 as shown in Figure 8 . The measurement antennas are dualridged horn antennas (DRHAs), an EMCO model 3115 [37] and a Com-power AH-118 [38] , which can both cover the 0.75-18 GHz range. In a reverberation chamber, it is important to minimize the direct coupling between the antennas in order to maximize the amount of energy interacting with the stirrer. Therefore the directional DRHA is pointed at the moving wall. The antennas are both positioned well-away from any conducting surface, to avoid disturbing the antenna behaviors. Apart from this these effects, which we alleviate by using one highly directive DRHA, the radiation patterns do not influence the measurement results in the reverberation chamber. We take N = 100 mode-stirring samples, with 100 MHz frequency stirring. Both antennas are connected to a VNA outside the reverberation chamber using phasestable cables with a 3.5 mm connector interface. We use a frequency step of 250 kHz and cover a range of 750 MHz to 6 GHz with a VNA IF Bandwidth of 1 kHz and 0 dBm output power. Therefore we have 40.000 samples per center frequency point for the efficiency calculation. The setup is calibrated at a 3.5 mm interface, avoiding the inclusion of any adaptors in the measurement. A comparison between the efficiencies obtained using this chamber with a more conventional chamber showed differences within 2.5% for the total and 6% for the radiation efficiencies between 1 and 6 GHz for all measured antennas.
B. MEASUREMENT RESULTS
The antennas' measured reflection S-parameter magnitudes (with all other ports terminated in 50 ) are shown in Figure 9 . As expected due to the absence of the (adaptive) matching circuit in our mock-up, the reflections from a 50 system are quite high, mostly above −5 dB. In practice, the adaptive matching circuit would create a better match than seen here. In addition, the transmission lines and transitions on the adapter board likely affect these results. However, the reflections are sufficiently low to enable an energy FIGURE 9. Measurement of the antenna reflection coefficients with the board. Due to the presence of an adaptive matching network at the antenna connector, the antenna is not required to be self-matched.
transfer from the VNA to the reverberation chamber through the mock-up's antennas, allowing us to measure its efficiencies. In addition, we can gain some information from this graph, as it seems reasonable to assume that the antenna impedance is brought as close as possible to 50 due to the impracticality of matching impedances far from the desired impedance. It may be noted that antenna 1 appears to work best just below 2 GHz, a frequency which is likely reduced to the GPS bands (around 1.6 and 1.2 GHz) using the (adaptive) matching network. Antenna 2 appears to target the LTE frequency bands below 2 GHz. In addition, antennas 3 and 4 seem to be relatively close to 50 around the WiFi frequency bands (2.4 and 5 GHz). Antenna 5 appears to target wide-band operation, exhibiting two dips around 2.5 and 4.5 GHz.
FIGURE 10. The measured total efficiencies of the smartphone antennas with the board. All total efficiencies are below 15% up to 4 GHz, while one of the antennas peaks to 25% up to 6 GHz. Note that this efficiency includes mismatch losses.
The total efficiency, which is not compensated for antenna mismatch, is shown in Figure 10 . Antennas 1 and 2 appear to perform best below 2 GHz, peaking at nearly 8%, while the others start to pick up towards the higher frequencies. Antenna 3 performs best around 3 GHz, while antennas 2 (sub) and 5 (main) work rather well in the at 3.5-4.5 GHz and 4-6 GHz ranges, respectively, peaking up to 15% and 20%. Note that the total efficiency is a worstcase estimate, since in the actual application an additional matching circuit is applied.
FIGURE 11.
The measured radiation efficiencies of the smartphone antennas with the board. Since the radiation efficiency does not include mismatch losses, these efficiencies are all higher than the total efficiencies. The best results in the tested frequency range peak around 40%. In the range up to 2.5 GHz the highest radiation efficiency measured is approximately 20%.
The radiation efficiencies, shown in Figure 11 , give a picture of the upper limit for the maximum achievable antenna efficiency. This efficiency can only truly be achieved assuming a perfect match, and neglects losses in the matching circuit. It can be seen that, due to the relatively high reflection coefficients to a 50 system, the radiation efficiencies are considerably higher than the total efficiencies. In the frequency regime below 2.5 GHz it is interesting to note that antenna 1 indeed appears to cover GPS frequencies, peaking to approximately 20%. Nonetheless, the physical size restrictions combined with non-optimal (from an RF losses point of view) substrate material still result in mostly low efficiencies. Above 2.5 GHz the performance is significantly better, with especially antennas 2 and 5 (sub and main, respectively) together covering practically all frequencies up to 6 GHz with radiation efficiencies above 30%. Given the extremely limited real estate, separation from the ground plane and production cost constraints, it is perhaps not surprising that the efficiencies of the antennas are not extremely high. Yet they are sufficient to achieve high performance (LTE Cat. 16) of the device. Nonetheless, an advantage in the link budget could be achieved by further improving the antennas' performance. In particular, frequency-reconfigurable antenna designs offer an interesting option to improve on the current performance in terms of efficiency [15] - [19] , where radiation efficiencies above 50% and total efficiencies up to 35% have already been demonstrated using low-cost BST technology, and total efficiencies up to 63% using RF-MEMS. It also shows very clearly the challenges that lie ahead for adding more bands, as well as a key advantage of increasing operating frequency, where the antenna can be made relatively large compared to wavelength. Again, frequency-reconfigurable antennas offer an interesting solution.
V. CONCLUSION
In this work, the efficacies of a high-end smartphone are measured to serve as a benchmark for future designs and concepts. To this end, a dedicated board is designed to facilitate connection of the antennas to the measurement system while emulating the behavior of the phone's chassis. Then, the reflection coefficients and efficiencies of the antennas are measured in a reverberation chamber. The antennas, normally connected to an adaptive matching circuit, show total efficiencies below 15% up to 4 GHz, increasing up to 25% around 6 GHz. Meanwhile, the radiation efficiencies are below 20% up to 2.5 GHz, and up to 40% for the rest of the range to 6 GHz. This type of characterization is extremely valuable to create benchmark data, and it would be of interest to repeat it for more devices in future research. Nonetheless, the efficiencies obtained here already show an opportunity to further improve performance of future devices.
